Modified conjugate directional filtering (MCDF) is a method proposed by Guo and Watson recently for digital data and image processing. By using MCDF, directionally filtered results in conjugate directions can be not only merged into one image that shows the maximum linear features in the two conjugate directions, but also further manipulated by a number of predefined generic MCDF operations for different purposes. Although a number of cases have been used to test the usefulness of several proposed MCDF operations, and the results are 'visually' better than some conventional methods, however, no quantified analytical results on its effectiveness have been obtained. This has been the major obstacle on the decision whether it is worth developing a usable MCDF system. This paper firstly outlines a FFT-based analytical design for conducting the tests, and then presents the results of applying this analytical design to the analysis of MCDF(add1) operation for an image of digital terrain model in central Australia. The test verifies that the MCDF(add1) operation indeed overcomes the two weaknesses of using the conventional directional filtering in image processing, i.e., separation in presentation of processed results in different directions, and significant loss in low-frequency components. Therefore, the MCDF method is worth for further development.
Introduction
Guo and Watson [1] recently reported the trial work on using a method called the modified conjugate directional filtering (MCDF) for digital image processing. By using MCDF, directionally filtered results in conjugate directions can be not only merged into one image that shows the maximum linear features in the two conjugate directions, but also further manipulated by a number of predefined MCDF operations for different purposes. MCDF is modified from the previous proposal named conjugate directional filtering (CDF) [2] , because further study reveals that the CDF has two weaknesses, i.e., a weighting system for further data manipulation during the operation was not considered; CDF-processed images often lack contrast depth because most background information is removed as a result of applying directional filtering.
MCDF overcomes these problems by superimposing the weighted CDF data onto the original data. In this way, not only further enhanced by a weighting factor are the conjugated features, but also retained is all the information on the original image. By introducing these two considerations into the CDF, MCDF becomes much more powerful [1] [3] .
Although a number of cases have been used to test the usefulness of several proposed MCDF operations, and the results are 'visually' better than some conventional methods [4] [5] , however, no quantified analytical results on its effectiveness have been obtained. This has been the major obstacle on the decision whether it is worth the development of a usable MCDF system. Our recent study on analytical test design and experiments on MCDF operations have led to the acquisition of some positive and encouraging results. In this paper, we first briefly present the concepts of the MCDF operations, and then outline the analytical design for the tests. Due to the restriction on the paper length, we only apply this analytical design to the analysis of MCDF(add1) operation in this paper. An image of digital terrain model in central Australia is used to analyze the effectiveness of the MCDF(add1) operation.
MCDF Operations and Analytical Test Design
Directional filtering is used to enhance linear features in a specific direction [4] [5] [6] . In some cases, identifying conjugate linear information on an image is particularly concerned. Directional filtering can be made in two specific conjugate directions to enhance these conjugate features. Normally the filtered results from the two conjugate directions are shown on two separate images. This is inconvenient for revealing the relationships between linear features in the two conjugate directions. The linear enhancement using directional filtering is achieved by constraining or removing the textural features or low-frequency components from the original image to outline the structural features or high-frequency components contained in the original image. Thus, directionally filtered image often lacks contrast depth because most background information is removed.
These two weaknesses of using the conventional directional filtering are overcome by MDCF method, which firstly combines two (or more) directional-filtered results in conjugate directions into one image that exhibits the maximum linear features in the two conjugate directions, and secondly retains the background information by superimposing the directionally filtered data onto the original data. Therefore, the analytical tests should be designed in a way through which these two improvements can be clearly revealed.
Assuming f 0 to be the original data file, f 1 and f 2 to be the directional-filtered data files in the two conjugate directions, the general operation of the MCDF can be expressed as [1] 
where W 0 , W 1 and W 2 are selective constants; F 0 , F 1 and F 2 are pre-defined generic functions. Consequently, some MCDF operations are defined using formula (1) as
We propose a design for taking the analytical tests shown in Figure 1 . Firstly, original image and each of its MCDF-processed images are input individually to a processing unit for analysis using fast Fourier transform (FFT). The output from this FFT analysis includes the 2D Cartesian spectrum, and radial spectrum of the corresponding input image [7] . Compared with the outcomes of the original and MCDF(add1) images, the 2D Cartesian spectrum is used to directly identify whether the MCDF operations indeed have brought enhanced information in the conjugate directions into MCDF-processed images; the radial spectrum is used to quantify whether the MCDF-processed images have retained the background information or low-frequency components of the original image while the structural features or highfrequency components are enhanced.
To make the analytical results acceptable as widely as possible, the FFT analysis of our tests are carried out using FFT functions provided by Matlab [8] [9] . Next section reports the test results of MCDF(add1) operation using this test design on an image of digital terrain model. Figure 2b shows the 2D Cartesian spectrum of this image. The conjugated NW-and-NE trending features are reflected as alignments mixed within the elongated frequency zone in Figure 2b . Figure 2c shows that the intensity of different frequency components decreases dramatically with the increase in frequency, with the intensity of high-frequency components (>400 Rad/s) being less than 1% of the maximum intensity. Figure 3a shows the image processed with MCDF(add1). NE and NW directions are selected as the two conjugate directions for directional filtering. The combination of W 0 = 1, W NW = W NE = 2, F 1 = F 2 = 1 generates an image on which many NE and NW linear features are outlined in the 'dark' desert. The conjugated NW-and-NE trending features are clearly reflected as alignments which separate the original elongated frequency zone into two fan-shaped sub-zones in Figure 2b . This indicates that this MCDF operation indeed enhanced the features in these conjugate directions. The total area of these 2 sub-zones is larger than that of the elongated zone in the Figure 1b , which implies the enhancement of high-frequency components contained in the original image. Figure 3c further shows that the high-frequency components have been intensified to 12% of the maximum intensity. The intensity of medium-frequency components is also increased whereas the expected low-frequency components are retained with the same intensity.
Discussions and Conclusion
To verify that the MCDF(add1) operation indeed enhances the conjugated features in both NE and NW directions in the image, comparison can be made between the two spectra of the original and MCDF(add1) images ( Fig. 2b & Fig. 3b ). In the spectrum of the original image, NE and NW trending information is mixed with other components in an elongated frequency zone, distinguished by locally 'light-colored' alignments in these two conjugated directions from other components. However, in the spectrum of the MCDF(add1) image, NE and NW trending information is distinguished by clear 'light-dark' margins along these two conjugated directions, which indicates the significant separation between the enhanced high-frequency NE and NW trending features from their surrounding low-frequency components. As expected, the MCDF(add1) image (Fig. 3a) indeed has shown more NE and NW trending information than that in the original image ( Fig. 2a) .
To verify that the MCDF(add1) operation not only enhances the conjugated features in both NE and NW directions in the image, but also retains the low-frequency information in the original image, we use the statistical results of radial spectra of both the original and MCDF(add1) images (Table 1) to outline the facts. It is evident that the MCDF(add1) operation has enhanced the highest-frequency component by 9 times from its relative intensity of 0.5% in the original image to 4.5% in the MCDF(add1) image. This is achieved by keeping almost no change in the maximum intensity and standard deviation in both images, which means that there is almost no loss in low-frequency components in the MCDF(add1) image. The medium-frequency components are also intensified from 6.3% in the original image to 16.9% in the MCDF(add1) image, an increase of 2.7 times. By keeping the same low-frequency components, bringing a moderate increase in medium-frequency components, and elevating high-frequency components by at least 9 times, all together the MCDF(add1) operation makes not only features in the NE and NW directions in the MCDF(add1) image look more prominent, but also the whole image appear richer in contrast depth and thus more smooth. Our FFT analysis on the DTM image proves that the MCDF(add1) operation indeed overcomes the two weaknesses of using the conventional directional filtering in image processing, i.e., separation in presentation of processed results in different directions, and significant loss in low-frequency components. Although the results of using MCDF(add1) are presented here only, tests over other MCDF operations also reveal the similar results (Table 2) . Therefore, the MCDF method is worth for further development. 
